Introduction
The development of products based on berries is gaining importance due to their potential use as a food ingredient, natural colorant and nutraceutical. Among them, elderberry (Sambucus nigra L.) stands out for its high content of anthocyanins that give products an attractive red colour, in addition to its rich composition of other polyphenols, essential amino acids, vitamin C and minerals. Moreover, elderberry juice presents high phenolic content and antioxidant activity [1] [2] [3] .
Numerous studies have reported the effects of elderberry's anthocyanins as an antioxidant, anticarcinogenic and immune-stimulating agents among other health benefits [4] [5] [6] . Anthocyanin pigments are labile compounds that easily degrade following various reaction mechanisms affected by temperature and pH. Their stability is highly variable depending on their structure and the composition of the matrix in which they exist [7] . Degradation of these compounds has an effect on product quality and therefore consumer acceptance [8] .
Different thermal treatments are performed in products based on berries during the processing steps, with the aim of produce safety and acceptable shelf-life products. These processes, which generally involve temperatures lower than 100 • C in acidic products, could lead to the degradation of anthocyanins and product quality [9] . The effect will be dependent on the length of time and treatment applied, so that the knowledge of the kinetic parameters of these processes (reaction rates, activation energy, and average response time) will be essential to predict changes that will occur in the products during processing. Based on current knowledge it is not possible to predict the effect of thermal treatment on anthocyanin retention [10] .
Likewise, products based on fruit juice, bottled and pasteurized in general have a long shelf life (1-3 years) at room temperature. During this storage time adverse effects may occur which affect the stability of anthocyanins and consequent changes in colour characteristics. The aim of the present study was to evaluate the kinetics of elderberry anthocyanin degradation due to thermal processing and storage time, and its relation to the colour change parameters. Furthermore, other variables such as antioxidant capacity during storage were also evaluated.
Materials and methods

Samples
Elderberry juice and pulp were provided by a producer from El Bolsón, Río Negro (Argentina). Elderberry fruits used by the producer were of similar maturation degree, collected in areas next to El Bolsón. The elderberry juice was made with fruit pulp which was obtained from fruit blanched (80 • C, 3 min) and then packed, pasteurized and frozen.
The juice was formulated based on 74% pulp, 26% sucrose, 0.05% xanthan gum, 0.06% potassium sorbate and 0.05% ascorbic acid. The juice was packaged in 500 mL glass-covered bottles, pasteurized (80 • C, 30 min) and stored during shelf life.
Heat treatment of elderberry pulp to obtain kinetic parameters
Elderberry pulp (processed as described in 2.1) was thawed and put in Pyrex tubes, well capped to avoid evaporation and placed in a water bath at constant temperature of 70 • C, 80 • C and 90 • C. At regular time intervals, samples were removed from the bath, cooled by plunging into ice water and then stored at −18 • C until they were analyzed. In order to obtain kinetic parameters (degradation rates, half-life times, activation energies), the total heating times at each temperature were selected based on previous studies' data [11] [12] [13] [14] . These experimental times are generally longer than those used in industrial processes.
Storage of elderberry juice
The storage of juice bottles was performed in darkness at 40 • C for 140 days. Two bottles of juice were selected at 0, 15, 30, 60, and 140 days to take measurements. The time and temperature of storage were selected taking into account previous studies of anthocyanin's degradation which reported a temperature quotient (Q 10 ) value about 2.5 [11, 12] . Therefore, the degradation rate at 40 • C would be 4 times faster than at 25 • C; and 18 months of storage (540 days) at 25 • C would be equivalent to 140 days at 40 • C.
Preparation of extract from elderberry pulp and juice
Elderberry pulp thermically treated and juice bottles removed from storage at different times were used to prepare alcoholic extracts using 5 g of pulp or juice. Samples were extracted twice in 20 ml ethanol: HCl 0.1N (85:15), (solvents were acquired from Merck, Darmstadt, Germany). Samples were centrifuged and supernatant were mixed and utilized for measurements of total phenolics, monomeric anthocyanins, colour, colour density and polymeric colour. All the results are based on juice taking into account a juice density of 1.15 g/ml at 25 • C for unit calculations.
Methods
Physicochemical properties
Total soluble solids content was evaluated in • Brix with a manual refractometer Atago N2 (Tokyo, Japan). pH measurements were taken at 25 • C using Hanna HI 8424 equipment (Hanna Instruments Inc., Woonsocket, RI, USA).
Total phenolics
Total phenolics (TP) were determined on the extracts using the Folin-Ciocalteu method according to Waterhouse [15] , (Folin-Ciocalteu reagent was purchased from Merck KgaA Darmstadt, Germany). Sample absorbance at 765 nm (spectrophotometer Shimadzu PharmaSpecUV-1700) was measured, and phenolic concentrations were expressed as Gallic acid equivalent (GAE) in g/L calculated by means of a standard curve of Gallic acid (obtained from Anedra, Buenos Aires, Argentina).
Monomeric anthocyanin content
Monomeric anthocyanin content (MAcy) of juice extracts was determined by pH differential method described by Giusti and Wrolstad [16] , using potassium chloride buffer (pH 1.0) and sodium acetate buffer (pH 4.5). A sample of pulp or juice extract were mixed with corresponding buffer, in a dilution to achieve an adequate reading of absorbance, that was read at 510 and 700 nm. Monomeric anthocyanin content was expressed as cyanidin-3-glucoside in mg/L according to the following equation:
where A = (A 510 − A 700 ) pH1 − (A 510 − A 700 ) pH4.5 ; MW (molecular weight) = 449.2 g/mol for cyaniding-3-glucoside; DF = dilution factor, = 26900 is the molar extinction coefficient in L/mol/cm; l = path length in cm.
Analysis of anthocyanin content by HPLC
HPLC analysis was carried out according to the method reported by Hager et al. [17] in a Varian HPLC Serie 900. The injection volume was 20 l of juice extract. Separation was achieved on a reverse phase C18 Gemini ® 150 × 4,6 mm; 5 m column. Detection was performed using a diode array detector. Two solvents were used during the analysis. Solvent A: distilled water/formic acid (95/5) and solvent B: methanol (HPLC solvents from Merck KgaA Darmstadt, Germany). A constant flow of 1 ml/min was applied with a linear gradient elution profile. The proportions of solvent A used were: 98% to 40% in 60 min. An external calibration curve of Cyanidin-3-glucoside (Cy3glc, purchased from Sigma-Aldrich, USA) was used for quantification, in the range 10-100 g/ml. The content of total anthocyanins (TAcy HPLC ) and Cy3glc content was analyzed by absorption at 515 nm and the results expressed in mg cyanidin equivalents per litter of elderberry juice (mg Cy3glc/L). The sample was prepared in duplicate and then analyzed.
Antioxidant capacity
The antioxidant activity of juice was measured on the basis of the scavenging activity of the stable 1,1-diphenyl-2-picrylhydrazyl free radical (DPPH). An aliquot of each methanolic solution enriched with a juice sample (1 mg/L) was added to a methanolic solution of DPPH (25 mg/ L) and the changes caused in absorbance, were measured at 517 nm as a function of the elapsed time. A calibration curve was prepared using Trolox as standard (DPPH and Trolox from Sigma Chemical, USA). Results were expressed as mmol Trolox/ mL of juice [18] .
Colour measurements
The colour of the juice was analyzed using a Minolta Spectrophotometer CM-600d (Konica Minolta Observer), with D65 illuminant, and an observer angle of 2 • . The colour measurement was made by applying 0.4 g of juice or 1 ml of juice extract in plastic white containers. CIELab parameters (CIE 1976 L * a * b * ) were L * for lightness, a * for redness and b * for yellowness. The instrument was standardized with a white tile (L * = 91.10, a * = 1.12 and b * = 1.26). Calculations of C * ab ((a * 2 + b * 2 ) 1/2 ) for chroma and h ab for hue angle (arctan b * /a * ) were made.
Colour density, Polymeric colour and Percent polymeric colour
Percent polymeric colour was determined using the method described by Giusti and Wrolstad [16] . Samples of juice extract were treated with a potassium metabisulfite solution for bleaching or with water as a control. Absorbance was read at 420, 510 and 700 nm. Colour density (CD) was calculated using the control sample according to Equation (2), being DF the dilution factor for Equations (2) and (3).
Polymeric colour (PC) was determined using the bisulfite-bleached sample according to Equation (3).
Percent polymeric colour (% PC) was calculated using the Equation (4).
Kinetics model
Monomeric anthocyanin (MAcy) degradation and the evolution of colour parameter a * has been found to follow a first -order reaction model [19] [20] [21] :
C 0 : MAcy content and a * colour parameter at initial time C: MAcy content and a * colour parameter after t hours of heating at a given temperature. k MA : reaction rate constant for MAcy degradation k a : reaction rate constant for a * degradation. t 1/2 : half-life time, time needed for 50% degradation of MAcy or a * colour parameter. k 1 , k 2 : degradation rates at T 1 and T 2
Data analysis
Thermal treatment of pulps and storage of juice bottles were performed by duplicate. At selected heating and storage times samples were analysed. All the parameters studied were determined in duplicate for each juice or pulp sample, in the case of monomeric anthocyanins determination by pH differential method and colour measurements determinations were performed in triplicate. Average of measurements was reported. Colour parameters of elderberry extracts at initial and final time of thermal treatments were analysed by one-way analysis of variance (ANOVA) test using Infostat v.2009 (Universidad Nacional de Córdoba, Argentina). Means comparisons were carried out by Student Neuman-Keuls (SNK) test at P < 0.05. Pearson's correlations between phenolics compounds and colour parameters were performed.
Results and discussion
Degradation kinetics of monomeric anthocyanins (MAcy) and a * colour parameter in elderberry pulp during heat treatment
Elderberry pulp was characterized by an average content (±standard error) of 11.8 ± 0.1 soluble solids ( • Brix) and 3.80 ± 0.01 pH. The initial content of total phenolics in elderberry pulp was 5835 ± 132 mg/L and this content was stable during heat treatment at all temperatures, showing retention greater than 85% for all heating temperatures.
Initial MAcy content was 1032 ± 38 mg/L. Figure 1 shows the evolution of MAcy and a * degradation following a first-order reaction model described in Equations (5) and (6) . Degradation rates and half-life times (t 1/2 ) of monomeric anthocyanins and colour parameter a * estimated at the different temperatures are shown in Table 1 . For the colour parameter a * , the rate of degradation was about three times lower than that corresponding to the MAcy degradation at each temperature. The effect of temperature on the degradation rate constants for MAcy and a * was expressed by the linearized Arrhenius equation by plotting ln k against 1/T in which the temperature dependence of k was quantified by the activation energy E a according to: where k is the rate constant (h −1 ), A 0 is the frequency factor (h −1 ), E a is the activation energy (kJ/mol), R is the universal gas constant (8.314 × 10 −3 kJ/K mol) and T is the absolute temperature. E a value was calculated from the slope of the straight line given by Equation (8) The calculated E a values were 144.6 ± 15.2 kJ/mol for MAcy degradation and 140.6 ± 13.5 kJ/mol for a * degradation, indicating that both degradation processes have the same temperature dependence.
It can be seen that although the deterioration of MAcy and a * have similar temperature dependence, colour degradation would occur slowly according to the values of k and t 1/2 obtained. Table 1 shows half-life times for MAcy (t 1 ) and a * degradation (t 2 ), and the retention percent of a * evaluated at t 1 , in relation to the initial value. The results indicate a high colour retention, showing greater retention at 90 • C: 78.2, 77.3 and 94.9% at 70, 80 and 90 • C respectively. This could be attributed to the fact that the relationship between rates of deterioration for both quality indexes, color and anthocyanins content (k a * /k MAcy ), are lower at 90 • C (0.335) than at 80 (0.354) or 70 • C (0.364).
The change in percentage of polymeric colour (% PC) during heating of elderberry pulps was also studied. In all cases an increase in % PC at the end of heat treatment were observed, from 60% before heat treatment to 75% and 71% to 93%, at 70 • C, 80 • C and 90 • C, respectively. This would indicate a greater importance of the polymeric compounds of total anthocyanins after heating. Table 2 shows the values of colour parameters L * , a * , b * and h ab for extracts, at initial time and after heat treatment. As described, a decrease in colour parameter a * (associated to red colour) was observed, an increase in the brightness L * and in the case of heat treatments at 80 and 90 • C an increase in h ab was observed, indicating a change of colour to more brownish tones. Fischer et al. [14] observed similar colour changes after the thermal treatment of pomegranate juice. Extracts of juice showed a decrease of a * (52%) with increase of b * (98%) and L * (4%) values, indicating a fading in colour which was ascribed to anthocyanin losses. 1 Retention of colour parameter a * (%) related to initial value is evaluated at t 1 (half-life for anthocyanin degradation). Values are mean ± standard error. Table 2 CIELab colour parameters of elderberry extracts at initial and final time of thermal treatment performed at constant temperature Colour parameter Temperature 
Elderberry juice storage
Total phenolic, monomeric anthocyanins content and antioxidant capacity
The effect of storage on elderberry juice characteristics was evaluated at 40 • C during 140 days in an accelerated shelf-life test. Table 3 shows the characteristics of elderberry juice at the start of storage indicating an average content of 36.8 soluble solids ( • Brix) and pH 3.60. The initial content of total phenolic was 6100 ± 305 mg/L and its concentration remained very stable during storage. At the end of storage (140 days at 40 • C) the concentration was 70% of the initial level (Fig. 2) . Monomeric anthocyanin measured by the pH differential method presented a low stability during storage because only approximately 10% retention (964 mg/L to 78 mg/L, initial and final concentration, respectively) was observed in the same conditions. The decrease (%) of both total phenolic and monomeric anthocyanin levels during storage are shown in Fig. 2 . As can be seen, the main reduction of monomeric anthocyanin was produced during the first 30 days and then its concentration remained almost constant.
The initial antioxidant capacity was 12.2 mmol Trolox/ mL and it remained stable, a small reduction (14.8%) was observed at the end of storage. As can be seen in Fig. 2 , the antioxidant capacity and total phenolic content displayed similar variations during storage with a close correlation between both measurements (r = 0.96; p < 0.05). A similar outcome was observed in blueberry juice by Brownmiller et al. [22] who remarked that the antioxidant capacity values of nonclarified and clarified juices remained stable over the 6 months of storage, despite marked losses of total anthocyanins. Table 3 Characteristics of elderberry juice at the beginning of storage Values are means ± standard error. Total anthocyanins and cyanidin-3-glucoside content were determined by HPLC during the storage period at 40 • C. The initial total anthocyanins content determined by HPLC was 759.1 mg/L and its concentration decreased very quickly during the first 15 days, with a reduction of 38% in this period. Afterward, the content level remained almost constant, shown by the end of storage the concentration was 314.1 mg/L which represented 41% of initial concentration. The results showed that cyanidin 3-glucoside was the main compound, obtaninig an initial value of 311 mg/L, that represents 41.7% of total anthocyanins. Cy3glc decreased by approximately 70% during the first 15 days and was not detected at 60 days.
Colour evaluation
The evolution of elderberry juice colour during storage is shown in Fig. 3 . As can be seen only a small reduction (31%) of a * parameter (red tone marker) was observed at the end of storage. Samples at initial time showed an intense red tone (a * = 19.5; h • = 14.3) with low purity (C * = 20.2) and lightness (L * = 2.9), and changes in the parameters were not visible. It is to be noted that colour changes were more evident in the juice extract as is shown in Fig. 3 , in the same manner as that observed in pulps. The decrease of a * was fastest during the first 60 days of storage, a * = −13.2 (37% reduction), the diminution slowed over the final 80 days, eventually, losing 51% of the initial value (140 days). The increase in b * was about 43% ( b * = 7) and L * doubled in value in 60 days ( L * = 9). h • was the parameter which most increased during the total time of storage ( h • = 30), demonstrating a change to brownish tones, similarly that observed during heating.
Colour density (CD) decreased from 60 to 40, and % PC increased from 43% to 87% at the end of storage, relating to polymeric compound formation. These changes were higher during the first 30 days of storage.
Correlations between phenolic compounds and colour parameters
Pearson correlation coefficients (p < 0.01) among colour parameters and total phenolics (TP), monomeric anthocyanins (MAcy) and percent polymeric color (PC %) in juice extracts during storage at 40 • C showed that:
Phenolic and anthocyanin content are positively correlated with a * and negatively with b * , L * and h ab ; percent polymeric colour is correlated negatively with a * and C * , and positively with b * , L * and h ab.
% PC evolution was inversely correlated with TP and MAcy with R = −0.99 and −0.94 (p < 0.05), respectively. High correlations were also observed between antioxidant capacity and colour parameters: h ab and C * (−0.99 and 0.99, p < 0.01). Thus, during storage juice colour changed from intense red to yellow-brownish red associated with the decay of phenolics and anthocyanins and the increment of polymeric forms. Based on these results, the colour parameters would be good estimators of the evolution of total phenolics, anthocyanins and polymeric forms during storage. However, a high retention of polyphenols and antioxidant capacity would be observed at the end of storage.
Degradation kinetics of monomeric anthocyanins (
Discussion
The present results show that the anthocyanin content significantly decreased both during heating and storage. However, total phenolic content are more stable, showing high retention values at the end of heating and storage. Stability of the antioxidant capacity was also observed during storage. This result agreed to Fischer et al. (14) , who found that the total phenolic content was not markedly lowered upon heating pomegranate juices despite a significant decrease in anthocyanin content during heat treatment between 60 and 90 • C.
The changes in colour during heating and storage time were less than anthocyanin degradation. Colour stabilization phenomena may be produced by different reactions such as co-pigmentation of anthocyanins with other compounds (co-pigments), considered one of the main mechanisms of stabilization of colour in plants [23] [24] [25] [26] . In this phenomenon, the pigments and other colourless organic compounds or metallic ions form molecular or complex associations, generating a change in colour intensity. In the case of intramolecular copigmentation, the covalent acylation of the anthocyanin molecule stabilizes the pigment, probably because the reactivity of the carbon C-2 and C-4 with nucleophilic reactants, e.g. water molecules, is hindered [27] .
The increase in observation of the percentage of polymeric colour may indicate the formation of condensation reactions between anthocyanins and other polymeric compounds such as procyanidins, resulting in the formation of polymerized phenolic compounds that can be detected by the Folin method [10] . This phenomenon may explain the stability observed in the phenolic content.
These observations would be consistent with the increase in the colour parameter h ab and visual observations that indicate the more brownish colour of the samples. Chaovanalikit and Wrolstad [28] reported that total anthocyanins in canned bing cherries decreased by 40% after 5 months storage at 22 • C, although there was not a significant reduction in total phenolics. They also observed an increase in percent polymeric colour with canning from 13% to 40%. Similarly total anthocyanins in canned strawberries declined 69% and percent polymeric colour increased from 7% to 33% after 60 days of storage at room temperature [29] .
The activation energies (E a ) values obtained for the thermal degradation of anthocyanins and colour (144.6 ± 15.2 and 140.5 ± 13.5 kJ/mol) indicate significant temperature dependence for these degradation processes. Other authors have reported E a values in the same order for anthocyanin degradation in several fruit and vegetables: 71.9 kJ/mol for grapefruit [11] , 74.8 kJ/mol for acerola pulp [30] , 58.95 kJ/mol for blackberry juice [31] , 80.4 kJ/mol for blueberry [32] and 94.4 kJ/mol for strawberry pure [33] . Q 10 values have also been reported in the same range of temperatures, although slightly lower than those obtained in the present work: 2.3 between 70-80 • C [11] , 2.95 between 60-70 • C [32] .
These values indicate that the selection of temperature and time have a significant effect on the final characteristics of the thermally treated product. Enzyme inactivation is one of the objectives of applying a heat treatment in such products based on fruits. The processes of enzyme inactivation such as polyphenol oxidase (PPO) or peroxidase (PDO) have much higher temperature dependence with values of E a between 214-295 kJ/mol [34] [35] [36] . This would indicate a greater suitability of applying a heat treatment at higher temperatures for short periods (e.g. 90 • C).
Conclusions
The kinetic parameters calculated for elderberry juice can be used to design a thermal treatment to obtain a high retention of attractive colour and bioactive compounds. While a significant dependence on temperature (E a ) was observed, it is less than other factors such as enzyme inactivation which is necessary to apply in fruit products. This implies that an increase in heat treatment temperature has a greater effect on the enzymes inactivation than in quality parameters or bioactive compounds concentration. The antioxidant capacity and a high percentage of colour are retained during the long storage time (15 months).
